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The aim of our contribution is to shed some light on open questions facing the high density nuclear many-body problem.
We focus our attention on the conceptual issue of naturalness and its role for the baryon-meson coupling for nuclear matter
at high densities. As a guideline for the strengths of the various couplings the concept of naturalness has been adopted.
In order to encourage possible new directions of research, we discuss relevant aspects of a relativistic effective theory
for nuclear matter with natural parametric couplings and genuine many-body forces. Among other topics, we discuss in
this work the connection of this theory with other known effective Quantum Hadrodynamics (QHD) models found in
literature and how we can potentially use our approach to describe new physics for neutron stars. We also show some
preliminary results for the equation of state, population profiles and mass-radius relation for neutron stars assuming local
charge neutrality and beta equilibrium.
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1 Introduction
Quantum Chromodynamics (QCD) with quark and gluon
degrees of freedom is the underlying theory of the strong in-
teraction physics. However, at energies relevant for most nu-
clear phenomena, hadron and meson fields provide a more
appropriate and convenient description. In this domain, ef-
fective quantum field theory (EFT) and, more precisely,
Quantum Hadrodynamics (QHD) represent efficient frame-
works for describing the nuclear many-body problem as a
relativistic system of baryons and mesons.
The motivation for using QHD in this domain can be
synthesized in a few words: simplicity, efficiency, consis-
tency. There are many arguments that vindicate this asser-
tion: it is the simplest approach for describing nuclear mat-
ter and nuclear systems based on a local Lorentz-invariant
lagrangian density; it represents an efficient way to param-
eterize an S matrix or other observables in nuclear mat-
ter; this approach is consistent with analyticity, unitarity,
causality, cluster decomposition, parity conservation, spin
and isospin symmetries, and spontaneously breaking of chi-
ral symmetry for systems undergoing strong interaction.
⋆ Corresponding author: e-mail: cesarzen@cesarzen.com
Moreover, since the most relevant global phenomena in
nuclear physics are confined to longer length scales, ie, in
the interaction sector where less massive meson fields do-
minate, it is not necessary to explicitly include dynamics
at significantly shorter length scales, where the presence of
the most massive meson fields becomes crucial. Thus, in de-
scribing global properties of nuclear systems through effec-
tive field theory, one can ignore the latter by integrating out
heavier degrees of freedom corresponding to shorter length
scales. It is important to notice, however, the effects of these
heavier degrees of freedom are still implicitly contained in
the coupling parameters of the effective field theory (Serot
& Walecka 1997). EFT and QHD contain on the other hand
an infinite number of interaction terms and degrees of free-
dom. Thus, one needs an organizing principle to make sen-
sible calculations.
As a conventional way of classifying and organizing the
interaction terms in our EFT approach as well as a guide-
line for the strengths of the various couplings the concept of
naturalness has been adopted.
1.1 Naturalness
We take an interaction Lagrangian, which involves the σ
isoscalar-scalar meson and the ω isoscalar-vector meson
fields coupled to the nucleon field, defined in Serot &
c© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Walecka (1997) as
L =
∑
i,k
ci,k
i!k!
(
σ
fπ
)i(
ω
fπ
)k
(
∂
M
)
(
ψ¯Γψ
f2πM
)ℓf2πΛ
2 , (1)
with unknown expansion coefficients ci,k (overall coupling
constants). In the expression above, ψ represents a baryon
field, Γ is a Dirac matrix, and derivatives are denoted by
∂. The resulting expressions of the Lagrangian density also
contain factorial counting factors, needed to accomplish
normalization. A direct generalization of this expression
may involve additional fields such as the π, ̺ and δ meson
fields as well as the photon.
There is evidence from studies on properties of ordinary
nuclear matter, that the expansion in the nonlinear meson
coupling sector quickly converges. In fact, keeping only the
cubic and quartic couplings of the σ meson one obtains,
at saturation and intermediate densities, a semi-quantitative
fit of nuclear matter properties (Boguta & Bodmer 1997;
Serot & Walecka 1986). Nevertheless, a controlled expan-
sion of the Lagrangian density to significantly higher den-
sities (ρ ≥ 5ρ0), as those found in the interior of neutron
stars, requires some assumptions on a natural ordering of
the expansion coefficients. To accomplish that goal, we may
express equation (1) in the form
L=
(
∂ ormπ
M
)
(
ψ¯Γψ
f2πM
)ℓf2πΛ
2
∑
i,k
c˜i,k
i!k!
(
gσσ
M
)i(
gωω
M
)k , (2)
where, in this expression, the Goldberger-Treiman relation
(gsfπ ∼ M ) was used to eliminate the fπ factor in the
sum. The assumption of naturalness in the strong interac-
tion physics means that, unless a more detailed explana-
tion exists, all conceivable action terms that preserve the
required fundamental symmetries should appear in the ef-
fective action of a theory with natural coupling coefficients
(Georgi 1993; Manohar 1996). Thus, the naturalness con-
dition, when applied to an effective theory of the strong
interaction, establishes that once the appropriate dimen-
sional scales have been extracted using the naive dimen-
sional analysis proposed by Georgi (1993) and Manohar
(1996), the remaining dimensionless coefficients appearing
in the effective action should all remain of order unity.
If the naturalness assumption is valid, then the effec-
tive strong interaction Lagrangian density can be truncated,
with an acceptable confidence, within the phenomenologi-
cal physical domain of the theory. The naive dimensional
analysis when applied in the formulation of an effective La-
grangian density involving nucleons and strongly interact-
ing meson fields may be synthesized as follows: the am-
plitude of each strongly interacting field in the lagrangian,
i.e. the meson fields, becomes dimensionless when divided
by the pion decay weak constant; furthermore, to obtain
the correct dimension ((energy)4) for the Lagrangian den-
sity, an overall normalization scale f2πΛ2 ≃ f2πM2, with
M denoting the nucleon mass, has to be included; finally,
for identical meson fields, self-interacting terms of power n
and a symmetrization factor n! (for proper counting) should
be included in the formalism. The overall dimensionless
coefficients, after the dimensional factors and appropriate
counting factors are extracted, are of order O(1) if natu-
ralness holds. Of course, there is no general proof of the
naturalness property, since no one knows how to derive the
effective strong interaction Lagrangian density from Quan-
tum Chromodynamics (QCD). Nevertheless, the validity of
naturalness and naive power counting rules is supported by
phenomenological studies.
At least two schemes allow a compact summation of the
Lagrangian density (2). For ci,κ = 1, we have
L=
(
∂ ormπ
M
)(
ψ¯Γψ
f2πM
)ℓ
exp
( σ
M
+
ω
M
)
f2πΛ
2
χ ; (3)
and for ci,κ = i!κ! we obtain
L =
(
∂ ormπ
M
)(
ψ¯Γψ
f2πM
)ℓ(
1
1 + σ
M
)(
1
1 + ω
M
)
f2πΛ
2
χ .(4)
1.2 Lagrangian Density
Our strategy in this work is to consider a phenomenological
and more flexible parametrization of the QHD Lagrangian
density which combines the two previous limits and an ex-
tension of the interaction phase space of baryon and meson
fields. The complete expression of our QHD interaction La-
grangian exhausts the whole fundamental baryon octet (n,
p, Σ−, Σ0, Σ+, Λ, Ξ−, Ξ0) and includes many-body forces
simulated by nonlinear self-couplings and meson-meson in-
teraction terms involving scalar-isoscalar (σ, σ∗), vector-
isoscalar (ω, φ), vector-isovector (̺) and scalar-isovector
(δ).
The interaction term of our Lagrangian density, Lint, is
defined as∑
Bψ¯B
[
iγµ∂
µ−γµΣ
µ
B ξ(σ, σ
∗, δ, ω)−γµτ ·Σ
µ
Bκ(σ, σ
∗, δ,̺)
−γµΣ
µ
Bη(σ, σ
∗, δ, φ)−ΣsBς(σ, σ
∗, δ)
]
ψB (5)
where one can identify the following self-energy insertions:
ΣµB ξ(σ, σ
∗, δ, ω) = g∗ωBξω
µ ; ΣµBκ(σ, σ
∗, δ,̺) =
1
2
g∗̺Bκ̺
µ
ΣµBη(σ, σ
∗, δ, φ) − g∗φBηφ
µ ; ΣsBς(σ, σ
∗, δ) = MΣsBς . (6)
In these expressions, g∗Φ, with Φ = σ, σ∗, ω, φ, ̺, δ, re-
presents the effective parametrized baryon-meson coupling
constants, defined as g∗ωBξ = gωBm∗Bξ, g∗̺Bκ = g̺Bm∗Bκ,
g∗φBη = gφBm
∗
Bη , and ΣsBς = m∗Bς , with
m∗Bα ≡
(
1 +
gσBσ + gσ∗Bσ
∗ + 12gδBτ · δ
αMB
)−α
; (7)
(α = ξ, κ, η, ς) (Taurines et al. 2001; Vasconcellos et al.
2012). Properties of the fields considered in our formulation
are presented in table (1)).
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Table 1 Properties of the fields considered in the for-
mulation (9). In what follows, we use the abbreviations:
ISS: isoscalar-scalar; IVS: isovector-scalar; ISV: isoscalar-
vector; IVV: isovector-vector.
Fields Classification Particles Coupling Mass
Constants (MeV)
ψB Baryons N, Λ, N/A 939, 1116,
Σ, Ξ 1193, 1318
ψl Leptons e−, µ− N/A 0,5, 106
σ ISS-meson σ g∗σB 550
δ IVS-meson a0 g∗δB 980
ωµ ISV-meson ω g∗ωB 782
̺µ IVV-meson ρ g∗̺B 770
σ∗ ISS-meson f0 g∗σ∗B 975
φµ ISV-meson φ g∗φB 1020
The complete expression for the Lagrangian density in
the mean field approximation,Lξςκη , becomes
1
2
m2σσ
2
0 +
1
2
m2σ∗σ
∗2
0 +
1
2
m2ωω
2
0 +
1
2
m2φφ
2
0 (8)
+
1
2
m2ρ̺
2
03 +
1
2
m2δδ
2
3 +
∑
l
ψ¯l (iγµ∂
µ −ml)ψl
+
∑
B
ψ¯B(iγµ∂
µ − gωBm
∗
Bξγ0ω0 −M
∗
Bς)ψB
−
∑
B
ψ¯B(
1
2
g̺Bm
∗
Bκγ0τ
(3)̺03+gφBm
∗
Bηγ0φ0)ψB ,
with the effective baryon mass defined as M∗Bς = MBm∗Bς .
The resulting expression for the Lagrangian density is
known as the parameterized coupling model. Among the nu-
merous possibilities of choice of parameters for the model
we may focus our attention in variations of the ς parame-
ter keeping ξ = κ = η = 0 (scalar or S-model). This
parametrization reduces to the Walecka’s QHD-I model
(Serot & Walecka 1997) if ς = 0 and g̺B = gφB = 0.
In case only g̺B 6= 0, this parametrization reduces to the
Walecka’s QHD-II model (Serot & Walecka 1997). As-
suming ς = 1, performing a binomial expansion of mBς ,
truncating the perturbative series to cubic and quartic self-
interactions terms involving the scalar-isoscalar σ meson
(making gσ∗B = gδB = 0), this parametrization reduces
to the model of Boguta & Bodmer (1997). The second
choice contemplates variations of the parameters ς and ξ
while keeping κ = η = 0 (scalar-isoscalar-vector or SISV-
model). In the third choice we may consider variations of
ς , ξ, and κ, and fixing η = 0 (scalar-isoscalar-vector-
isovector-vector or SISVIVV-I-model), as already discussed
in (Dexheimer, Vasconcellos & Bodmann 2008). Finally, in
the fourth choice we may consider variations of the four pa-
rameters of the theory, ς , ξ, κ, and ς (scalar-isoscalar-vector-
isovector-vector or SISVIVV-II-model). These examples of
parameterizations of our approach are shown in Table (2).
We consider, as an example, the expansion of the term
gωBm
∗
Bξγ0ω0 in expression (9), in the particular case ξ =
Table 2 Examples of parameterizations of our model.
S: scalar model; SISV: scalar-isoscalar-vector model;
SISVIVV: scalar-isoscalar-vector-isovector-vector model.
Model II differs from I, due to the presence of the φ me-
son.
Model ς ξ κ η
S 6= 0 0 0 0
SISV 6= 0 6= 0 0 0
SISVIVV-I 6= 0 6= 0 6= 0 0
SISVIVV-II 6= 0 6= 0 6= 0 6= 0
1. In the framework of a local mean field approxima-
tion, expectation values of meson fields correspond to clas-
sical numbers1. In this context, taking into account that
gσBσ0+gσ∗Bσ
∗
0
+ 1
2
gδBτ3δ30
MB
<< 1, we may use the binomial
theorem to expand the contribution gωBm∗Bξγ0ω0 for the
particular choice ξ = 1:
gωBm
∗
B1γ
0ω0 ∼ gωBγ
0ω0
−gωB
(
gσBσ0+gσ∗Bσ
∗
0
+ 1
2
gδBτ3δ30
MB
)
γ0ω0
+gωB
(
gσBσ0+gσ∗Bσ
∗
0
+ 1
2
gδBτ3δ30
MB
)2
γ0ω0
−gωB
(
gσBσ0+gσ∗Bσ
∗
0
+ 1
2
gδBτ3δ30
MB
)3
γ0ω0... (9)
From this expression we can identify many-body attrac-
tive and/or repulsive coupling terms like for instance σ0ω0,
σ20ω0, σ
∗2
0 ω0, δ30ω0, δ
2
30ω0, σ0σ
∗δ30ω0 and many others.
Similarly, the remaining terms of the Lagrangian density
also exhibit additional many-body coupling terms. Again,
the final selection of the contributions to be considered re-
quires an analysis of the formal coherence of the theory.
In this sense, it is important to remember that the theory
must embody fundamental symmetries, conservation laws
as well as physical properties which are relevant for strong
interacting relativistic nuclear many-body systems, such as
Lorentz covariance, microscopic causality, naturalness, an-
alyticity, uniqueness, among others.
From expression (1), an extension of the model of Serot
& Walecka (1997), which exhausts the whole fundamental
baryon octet (n, p, Σ−, Σ0, Σ+, Λ, Ξ−, Ξ0) and includes
baryon-meson interaction terms involving scalar-isoscalar
(σ, σ∗), vector-isoscalar (ω, φ), vector-isovector (̺) and
scalar-isovector (δ) may be synthesized as
L =
∑
B
∑
℘
c℘
Π℘℘!
(
∂ ormπ
MB
)
(
ψ¯BΓψB
f2πMB
)ℓf2πΛ
2
× (
σ
fπ
)i(
σ∗
fπ
)j(
ω
fπ
)k(
̺
fπ
)m(
δ
fπ
)n(
φ
fπ
)q , (10)
with ℘ = i, j, k,m, n, q. The natural limit of this expres-
sion, namely, by assuming c(℘)→ 1, is
L =
∑
B
(
∂ ormπ
MB
)
(
ψ¯BΓψB
f2πMB
)ℓf2πΛ
2 exp
∑
ι
gιΦι
MB
, (11)
1 It is well known that in the realm of the mean field approximation,
expectation values of meson fields may be treated as classical numbers in
space-time despite the density dependence of these fields in Fermi space.
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with Φι = σ, σ∗, ω, φ, ̺, δ. Through systematic choices for
the parameters of the Lagrangian density (9) we also obtain,
in the limit of naturalness, exponential couplings.
2 Scalar Model
In the following, we consider a simplified version of the
model described above. In this version, we analyze the ef-
fects of the long range many-body components of the nu-
clear force on the structure of the star. We seek in this way to
understand how these nonlinear contributions affect global
properties of neutron stars, as for instance the equation of
state, the stellar mass and the stellar population of particles
in the medium. The understanding of these effects is impor-
tant, since the long-range components of the strong interac-
tion play a fundamental role in the stability of the star. In
a later contribution, we will specifically examine the cor-
responding contribution of the short-range components of
the strong interaction, which also play a fundamental role
in the stability of the star. From the global point of view, the
long-range attractive components contribute to stellar con-
traction. The short-range components of the strong interac-
tion act in the opposite direction.
We consider a mean field scalar version of our model
with the explicit inclusion of an Yukawa attractive term in
the Lagrangian density:
Lλ =
1
2
m2σσ
2
0 +
1
2
m2ωω
2
0 +
1
2
m2ρ̺
2
03 (12)
+
∑
l
ψ¯l (iγµ∂
µ −ml)ψl
+
∑
B
ψ¯B(iγµ∂
µ − gωBγ
0ω0 −M
∗
Bλ)ψB
−
∑
B
ψ¯B(
1
2
g̺Bγ
0τ (3)̺03)ψB ,
where the subscripts B and l label, respectively, the baryon
octet (n, p, Λ0, Σ−, Σ0, Σ+, Ξ−, Ξ0) and lepton (e−, µ−)
species. For more details see (Vasconcellos et al. 2012).
Evidently, our model must be in agreement with the ex-
perimental data related to the saturation properties of nu-
clear matter. We adopt for the saturation density of nu-
clear matter ρ0 = 0.17 fm−3 and for the binding en-
ergy ǫB = −16.0 MeV. The λ parameter is constrained to
describe the nucleon effective mass at saturation between
0.70 − 0.78 MeV. The isovector coupling constant g̺, on
the other hand, is chosen to describe the symmetry energy
coefficient aasym = 32.5 MeV; for more details see for in-
stance Haensel, Potekhin & Yakovlev (2007). Furthermore,
we use the equilibrium properties of nuclear matter to intro-
duce a coherent set of NM coupling constants in the satura-
tion density range, gσN , gωN , g̺N (see table (3). In the high
density regime, the HM coupling constants have been fitted
to hypernuclear properties (Schaffner et al. 1994), with the
scalar coupling constants fixed to the potential depth of the
corresponding hyperon species: UΛ = UΣ = −30 MeV and
UΞ = 30 MeV.
The effective parameterized nucleon mass M∗Bλ, for
gσBσ0
λMB
<< 1, is defined as
M∗Bλ≃MB
(
1−
gσBσ0
MB
+
(
λ
2
)(
gσBσ0
λMB
)2)
+O(3), (13)
with ( λ2 ) representing the generalized binomial coefficients
of the expansion and where we emphasize the direct depen-
dence of the effective baryon mass on the λ parameter of the
model. The dependence of the effective nucleon mass on the
λ parameter at nuclear saturation is shown in Fig. (1).
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0 0.2 0.4 0.6 0.8 1 1.2 1.4
M
∗ N
/M
N
λ
asym = 32.5MeV
Fig. 1 Dependence of the effective nucleon mass at nu-
clear saturation on the λ parameter.
The density dependence of the nuclear matter symmetry
energy (Esym) can be characterized in terms of a few bulk
parameters by expanding it in a Taylor series around the
nuclear saturation density ρ0
Esym(ρ) = Esym(ρ0) + L
(
ρ− ρ0
3ρ0
)
+
Ksym
2
(
ρ− ρ0
3ρ0
)2
+O(3) + ... (14)
where Esym(ρ0) = aasym is the value of the symmetry nu-
clear energy at saturation. In this expression, L is the slope
parameter and the curvature parameterKsym is the isovector
correction to the compression modulus, defined respectively
as
L = 3ρ0
(
∂aasym
∂ρ
)
ρ=ρ0
; Ksym = 9ρ
2
0
(
∂2aasym
∂ρ2
)
ρ=ρ0
. (15)
Fig. (2) shows the dependence of L on λ and on the sym-
metry coefficient aasym. The slope parameter L is related
to P0, the pressure from the symmetry energy for pure neu-
tron matter at saturation density. The symmetry pressure P0
provides the dominant baryon contribution to the pressure
in neutron stars at saturation density.
3 Results and Conclusions
In the following, we determine the EoS and population pro-
files for neutron stars assuming local charge neutrality and
c© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Fig. 2 Dependence of the slope parameter L on λ for dif-
ferent values of the symmetry energy aasym.
beta equilibrium for the scalar version of our approach. By
solving the Tolman-Oppenheimer-Volkoff (TOV) equations
(Tolman 1939; Oppenheimer & Volkoff 1939) we obtain
the mass-radius relation for families of neutron stars with
hyperon content. Our results for different values of the λ
parameter are illustrated in Figs. (3), (4), (5), (6), and (7).
In the figures, each value of λ generates a sequence of neu-
Table 3 Coupling parameters of our approach.
λ (M
∗
M
)
0
K0 (MeV) ( gσBmσ )
2 ( gωB
mω
)2 (
g̺B
m̺
)2
0.06 0.70 262 11.87 6.49 3.69
0.10 0.75 226 10.42 5.10 3.94
0.14 0.78 216 9.51 4.32 4.07
trons stars, where each star will have a different EoS, par-
ticle population, central density, and maximum mass. The
parametrization that generates the higher pressure and max-
imum mass of a neutron star is the one with the lower pos-
sible value of the parameter λ, ie λ = 0.06, which provides
a mass of 1.97M⊙, in very good agreement with recent ob-
servations (Demorest et al. 2010). This result corresponds
to the parametrization which provides a smaller effective
baryon mass and, hence, a more bound matter. Although
smaller lambda values originate higher values for the max-
imum mass of neutron stars, this parameter should attain
a minimum value that allows the model to reproduce nu-
clear saturation properties, like for example a compressibil-
ity modulus smaller than 300 MeV.
The analysis of these results demands first to remember
that a stiffer, or equivalently, more rigid equation of state
of nuclear matter is related to higher values of the internal
pressure of the system and, accordingly, to higher values of
the compressibility modulus |Ksym| of nuclear matter. This
in turn requires stronger contributions from repulsive com-
ponents of the nuclear force when compared to the attractive
ones. In our general approach, however, many body forces
lowers the intensities both of attractive and repulsive inter-
action terms due to shielding effects, which result in higher
(lower) values of the compressibility modulus |Ksym| of
nuclear matter in the case of higher (lower) relative reduc-
tion of the attractive (repulsive) contributions.
Our present results (scalar model) are consistent with
the analysis above, since we have obtained a stiffer equation
of state for lower values of the λ parameter (λ = 0.06),
which corresponds to the stronger relative reduction of the
attractive contribution (see Eq. (13)). Similarly, the results
for the particle population show that the threshold equation
for a given species (Glendenning 1996),
µn−qBµe−gωBω0−g̺B̺03I3B ≥MB(1−gσBσ0/MB),
is also affected by the presence of many-body forces com-
ponents in the strong interaction sector (sse Eq. (13):
µn−qBµe−gωBω0−g̺B̺03I3B≥MB(1−g
∗
σBσ0/MB)
≃MB
(
1− gσBσ0
MB
+
(
λ
2
)(
gσBσ0
λMB
)2)
+O(3) , (16)
where µn and µe represent respectively the neutron and
electron chemical potential, and qB is the baryon charge.
According to Eq. (16) many body forces shift the critical
density for hyperon saturation to higher densities and orig-
inate an anti-correlation between the amount of hyperons
and the values of λ: to the lowest values of λ correspond
larger amounts of hyperons in the system, which may cause
the softening of the EoS. However, our results show that the
shielding effect of the long-range nuclear components of the
nuclear force is predominant. The first hyperon species that
appears is the Σ−, closely followed by the Λ, since the neg-
ative charge of the Σ− outweighs the 80 MeV mass differ-
ence, as a result of the more lenient conditions µΛ = µn
and µΣ− = µn + µe. The Σ− fraction saturates at about
0.3, while Λ, free of isospin-dependent forces, continue to
accumulate until short-range repulsion forces cause them to
saturate. Other hyperon species follow at higher densities.
0
300
600
900
0 500 1000 1500 2000
p
(f
m
−
4
)
ε(fm−4)
λ = 0.06
λ = 0.10
λ = 0.14
Fig. 3 Dependence of the equation of state (EoS) on λ.
It is our understanding that the naturalness condition is
equivalent to exhaust the phase space of the fundamental
www.an-journal.org c© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4 Particle population for λ = 0.06. In the figure, the
labels ρB and ρ0 indicate respectively baryon density and
nuclear saturation density.
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n
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Fig. 5 Particle population for λ = 0.10. The symbols
have the same meaning as in the previous figure.
interactions. This depletion of the phase space can be ac-
complished by including in nuclear matter the largest pos-
sible number of information, ie. baryon and meson degrees
of freedom and additionally considering many body forces
between baryon and meson fields, as well as self-coupling
terms involving meson fields. When the condition of natu-
ralness is achieved, it is unnecessary to get rid of heavier
degrees of freedom by integrating then out. In this case,
the effects of heavier degrees of freedom are not anymore
implicitly contained in coupling parameters of the effective
field theory. An interesting aspect of our study is that appa-
rently, many body forces occupy a larger role than originally
thought in the description of properties of nuclear system
at high density. Moreover, the condition of naturalness is
achieved with only a small part of the parameter set. This
result was expected and can be explained by the saturation
property of nuclear matter: for parameter values less than
3, the model with parameterized couplings completely ex-
hausts the phase space of many-body interactions.
The model with parameterized couplings shows promis-
ing results. However, the model needs to broaden its scope
by the adoption of new parameterizations, expanding the
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Fig. 6 Particle population for λ = 0.14. Symbols have the
same meaning as in previous figures.
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Fig. 7 Mass-radius diagram for three different param-
eterizations of the scalar version of the model: λ =
0.06, 0.10, 0.14.
set of parameters of the theory. Interesting issues for future
studies will also be the role of finite temperature, neutrino
trapping and strong magnetic effects in neutron stars. Work
along these lines is in progress.
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